The cream layer is a complex heterogeneous material of biological origin which forms spontaneously at the air-milk interface. Here, it is studied the crumpling of a single cream layer packing under its own weight at room temperature in threedimensional space. The structure obtained in these circumstances has low volume fraction and anomalous fractal dimensions. Direct means and noninvasive NMR imaging technique are used to investigate the internal and external structure of these systems.
Introduction
The crumpling of a surface, a sheet polymer, or a self-avoiding elastic model sheet is a subject of great interest in both theoretical [1, 2] , and applied physics [3, 4] , as well as in materials science [5] , due to the peculiar properties of the crumpled structures. It is known that both a paper sheet and a thin metal foil of area A and mass M when submitted to a haphazard ill-defined compaction by manual means in order to generate an approximately globular object, present a non-thermal transition to a crumpled fractal state of packing characterized by the formation of a complex pattern of folds. The crumpled structures obtained with these materials obey the nontrivial scaling
where φ is the corresponding average globular diameter of the structure after crumpling, and D M is the mass fractal dimension [3, 6, 7] . This fractal dimension assumes in these cases values in the interval 2.2 < D M < 2.7 irrespective of the material, and of the thickness of the foil in the interval of 20-200 µm studied [3, 6, 7] . Anyone knows from childhood that from ordinary milk we can obtain the cream layer, that tenuous whitish membranous layer formed on the upper part of the cream right at the air-milk interface. The cream layer obtained from milk is a thin sheet that contains micron-and submicron-sized fat globules, proteins, phospholipids, and water, among other components, and is formed very rapidly, within a few minutes, in cold milk. The cream layer is formed at the free surface of milk as a planar quasi two-dimensional continuous internal fat network [8, 9] as the result of a complex process of coalescence of the fat globules. Milk is in fact one of the most complex foods, with more than 100, 000 different molecular components [8] . Besides its economic importance in dairy industry, milk is the most important source of nourishment and immunological protection for young mammals, and for humans it has been a food source since prehistoric times.
Here we investigate the crumpling associated with the three-dimensional packing of a single cream layer. Our extensive analysis indicates that the cream layer collapses under its own weight at room temperature into a three-dimensional fractal structure of low volume fraction. The structure of this paper is the following: in the Section 2 we describe the experimental details, in Section 3 we present our results, and in Section 4 we have a summary of our conclusions.
Experimental Details
In the first place, it is interesting to note that a sheet of paper or a thin metal foil of area A is unable to spontaneously crumple fractally under the action of its own weight, for all practical values of A. On the other hand, from the point of view of a system at thermal equilibrium, it has been suggested that sheet polymers can exhibit a crumpling transition satisfying the fractal scaling (1) above a particular critical temperature [10] . This last transition, however, had not yet been experimentally observed. In the present study, using direct means and noninvasive imaging techniques, we study the crumpled state observed when a cream layer is slowly deposited onto a glass support, and packs fractally under the action of its own weight, forming a fresh crumpled cream layer (CCL). A fresh CCL in the context of the present work has high water content, i.e. it is made and analyzed within a few hours after its transference from the milk free surface to the surface where it is deposited and studied. The total time involved in the stages of transference and deposition of each cream layer is typically 30 − 40 s. This period includes a stage of drainage in which all excess liquid is lost. All the measurements reported here were made at room temperature of (24 ± 1)
• C. We have made 90 circular planar layers, and from these we selected 72 specimens to study. The criteria used in this selection were uniformity of the cream layer and mechanical resistance to manipulation. By heating UHT (ultra heat treated) cow milk to boiling point, under agitation, cream layers with 2.0-28.5 cm of diameter were spontaneously made. Immediately after it began to boil, the milk was distributed in circular containers of different diameters without foam formation. After approximately 2 minutes at rest, a visible random shrinking of the layer, in which the edges of the layer come loose from the container, follows the spontaneous layer formation. As a result, systematic variability arises from successive identical trials, i.e. layers of almost equal diameter may have been obtained in different containers, and one container can generate distinct values of layer diameter.
For illustration figure 1(a) shows a photograph taken during the operation of deposition of CCL#1. Each layer was separated from the milk and softly deposited onto the support with the aid of a slightly curved wire handle. The packing process of the cream layer begins when it is rising from the milk surface with the aid of the wire handle: the layer presents its first fold and approximately assume the aspect of a vertical half circle with twice the thickness of the original (horizontal) cream layer. This semicircular layer is highly unstable: it flows along the curvature of the wire handle in order to minimize its gravitational potential energy, and assumes the aspect of a manyfolded strip, as shown in figure 1(a). While the layer is slowly deposited, it progressively crumples into a three-dimensional structure under the action of its own weight. In this particular case, the original planar cream layer had a diameter of approximately 28.5 cm, and an average thickness of 82 µm. This last numerical value is an estimate based on the mass, density and radius of the planar fresh cream layer. Figure 1(b) shows the external appearance of the cream layer after crumpling (CCL#1). The threedimensional diameter of the CCL#1 was 3.1 cm, and the volume fraction η ≃ 0.33, i.e. approximately 51% of the volume fraction for the random close packing of spheres in three-dimensions [11] . For comparison, the photograph of a crumpled surface of paper of similar external size and thickness of 125 µm is shown in figure 1(c) . 
Results and Discussion
There are various ways to characterize the basic structural properties of real irregular surfaces [12, 13] . Here, we choose to investigate the geometric properties of crumpled cream layers in terms of both the mass fractal dimension and the box dimension. Firstly, we measured the dependence of the area A with the average three-dimensional diameter φ (equation (1) , i.e. there is a slight increase in the mass fractal dimension (and a slight reduction in the statistical fluctuations) with the aging of the system, that is when the system evolves from fresh CCL to dry CCL. The external measurements of the diameter of the CCLs suggest that after crumpling these systems condense in the three-dimensional physical space as an anomalous non-space-filling structure with mass fractal dimension D M < 3. However, external measurements of diameter and area are not the sole way to support the claim of a fractal state for CCLs, so we have used another tool to test the crumpling properties of these low volume fraction structures.
Secondly, to obtain a more detailed microscopic picture of the three-dimensional internal structure of the CCLs we decided to investigate these systems using NMR imaging [14] . In this case, NMR imaging technique is unique to reveal the internal structure of the CCL samples. Here we evaluate the three-dimensional mass distribution of CCL samples from measurements of proton density maps. Imaging experiments were performed on a (Varian) Unity Inova spectrometer that includes a 2.0 T, 30 cm horizontal room temperature bore magnet. All experiments were carried out at (24 ± 1)
• C. Spin-spin relaxation time T 2 of protons in CCL ranges from a hundred microseconds to the extreme-narrowing condition where T 2 value reaches hundreds of milliseconds. Since CCL is a highly hydrated material (liquid water content > 60%), most of the protons belong to two categories: free water protons, and water protons in exchange with exchangeable protein protons [15] . In order to measure the mass distribution more accurately we have used a three-dimensional gradient spin echo pulse sequence, where the short non-selective π/2 RF pulse allows measurement of spin echoes before severe T 2 attenuation takes place. Given that the longest spin-lattice relaxation time T 1 measured in the control sample was ∼ 300 ms, a recycling time T R = 1 s was employed in order to minimize corrections due to the T 1 relaxation process. Mostly, we have used an imaging matrix of 128 × 64 × 64, slice thickness of 1 mm, and T E ≥ 1.2 ms. Each three-dimensional image took 68 minutes. Since experiments are short in time, no appreciable loss of liquid by the samples is observed. After all the corrections we can state that pixel intensities on the images are proportional to free and almost-free water content, and to protons in small molecules. Finally, it is possible that NMR images might not represent the total mass distribution of CCL exactly. If this is the case, our estimate for the ensemble average of the box fractal dimension for CCLs could be somewhat underestimated.
Thus images of two-dimensional sections of large fresh CCLs were obtained along three orthogonal planes xy, yz (both containing the direction of the gravitational field), and xz (orthogonal to the gravitational field), and in intervals separated by a distance of 1 mm. Figures 3(a) and 3(b) (3(c) and 3(d) ) show the NMR images (and the corresponding box-counting analysis [16] that gives the number N(ǫ) of square boxes of size ǫ × ǫ needed to cover the image) along, respectively, some intermediary planes xy, and xz for CCL#1, for three different values of the experimental tuning parameters. The images refer to the situation of absence of any filtering on the signal (F = 0), and with a filtering factor of 25% (F = 0.25). In figures 3(a) and 3(b) each one of the three columns refer to a particular set of experimental tuning parameters. Both box-counting plots are well described by the scaling N(ǫ) ∼ ǫ −δ along 1.5 decades in ǫ, as can be seen from the power law best fits (continuous straight lines in figures 3(c) and 3(d)), both with a slope of δ = 1.30 ± 0.05. This value of δ represents the box fractal dimension of those particular sections [16] . The corresponding box fractal dimension of the CCL in three-dimensional physical space [16] is D = δ + 1 = 2.30 ± 0.05. The fluctuation bars in figures 3(c) and 3(d) are associated with the means on the different image planes and experimental tuning parameters. In general, the value of D for any sample is robust within typical statistical fluctuations of 3% to 5%, irrespective the value of F and the other experimental parameters.
In figure 4 we show the box-counting plot for the entire ensemble of CCL images studied: 550 experimental data points for F = 0.25, after averaging on image samples, on three orthogonal image planes (xy, yz and xz), and on experimental tuning parameters. The slopes of the straight lines associated with the power law fits are δ 64 = 1.34 ± 0.03, for 439 images with 64 2 pixels (dashed line) from CCL#1, and δ 426 = 1.53 ± 0.07, for 111 images with 426 2 pixels (continuous line) from CCL#2 (A = 625 cm 2 , φ = 3.0 cm, and η ≃ 0.36). CCL#1 and CCL#2 were the two largest samples in the ensemble studied. The fluctuations bars are due to the mean on many orthogonal image planes and on experimental tuning parameters. The weighted ensemble mean of these values gives the result δ ens = 1.38 ± 0.10. No noticeable change in δ ens was observed within practically the full interval of variation of F . Thus, our overall estimate for the ensemble average of the box fractal dimension of CCL is D ens = δ ens + 1 = 2.38 ± 0.10, which is equal within the fluctuation bars, to the mass dimension obtained from figure 2(a) , and from experiments with crumpled sheets of paper [6, 7] , metal foils [3] , as well as from computer simulations [5] , and a Flory-type approximation expected to be a value for membranes at thermal equilibrium [10] . 
Conclusions
Our results, based on a large number of experiments of deposition of thin cream layers of cow milk onto a glass support have shown that, although the cream layers collapse under their own weight at room temperature, they never collapse into a three-dimensional compact structure. Rather, the packing process of these tenuous CCL structures is arrested in an intermediary crumpled state of low volume fraction. This crumpled state is surprisingly rigid in the case of dry samples. Two important experimental aspects of this low-density state are its anomalous area-size scaling, and its anomalous box dimension. To the best of our knowledge, it is the first time that noninvasive NMR imaging is used to obtain information on the interior of crumpled surfaces (figures 3 and 4). Moreover, the measured fractal dimension of a CCL, a system of animal origin, is equal to that observed for other crumpled surfaces made of completely different materials and obtained by completely different means [3, 6, 7] . These findings suggest that a universal dynamics may be responsible for all these crumpling processes. In particular, the results reported here seem to confirm that the crumpling dynamics is heavily dependent on a few attributes of the system, as exemplified by the twodimensional topology of the surfaces [3] . In conformity with a recent work [17] , and perhaps most importantly, our results indicate that to a large extent, the fractal dimension of the crumpled surfaces does not depend on the magnitude of attractive interactions transverse to the layer, which are expected to exist in the case of CCL but are absent for metal foils and sheets of paper. The robustness of the numerical value of the mass fractal dimension observed in the macroscopic crumpling experiments reported here for CCL, and in other works for different materials and conditions [3, 6, 17] , may be an indicative that a similar type of anomalous packing can be found when the size of the surfaces is reduced to micron 2 area scales.
